C hronic kidney disease (CKD) is a common condition affecting 7% to 13% of the general population and up to 37% of the population above 70 years of age.
1,2 CKD is a strong risk factor for cardiovascular disease, 3 which is the most frequent cause of death in these patients. 4 CKD is also closely associated with valvular disease, especially aortic stenosis. 5 The incidence of aortic stenosis increases with age, and it is present in 2% of the population aged over 65 years. 6 In patients with end-stage renal disease (ESRD), prevalence of aortic stenosis is higher than in the general population, and, once developed, the disease progresses more rapidly. 7 The standard treatment for aortic stenosis is aortic valve replacement (AVR). Patients with ESRD have a substantially higher risk of mortality and bleeding after AVR. 8, 9 Additionally, bioprostheses degenerate faster in patients with ESRD. 9 Moderately reduced kidney function is much more common than ESRD, and 23% to 27% of all patients who undergo cardiac surgery suffer from moderately reduced renal function. 10, 11 The impact of moderately reduced kidney function after coronary artery bypass grafting (CABG) and transcutaneous aortic valve implantation has been investigated in several studies. [12] [13] [14] However, the influence of moderately reduced kidney function on late survival after isolated surgical AVR is not well known.
We analyzed the prognosis after AVR in patients with moderately reduced kidney function in a large, nation-wide, population-based cohort study. The primary objective of our study was to analyze all-cause long-term mortality in patients with moderately reduced kidney function compared to those with normal kidney function. The secondary outcome measures were early mortality, rate of major bleeding events, and aortic valve reoperation. Additionally, we compared long-term mortality in patients with moderately reduced kidney function who received a bioprosthesis versus those who received a mechanical valve prosthesis.
Methods Study Design
This was an observational, nation-wide, population-based cohort study. Ethical approval was obtained from the regional Human Research Ethics Committee, Stockholm, Sweden. No informed patient consent was required. The Swedish Web system for Enhancement and Development of Evidence-based care in Heart disease Evaluated According to Recommended Therapies (SWEDEHEART) register 15, 16 17 Glomerular filtration rate was estimated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation 18 and the most recent creatinine value before surgery. Baseline characteristics and clinical outcomes were obtained from the SWEDEHEART register, the National Patient Register (Table 1) , the longitudinal integration database for health insurance and labor market studies (maintained by Statistics Sweden), and the Cause of Death Register. Each Swedish citizen has a unique personal identity number, 19 which made individual-level record linkage possible. The formation of the database used in this study was described in detail previously. 20 
Outcomes
The primary outcome was all-cause mortality. Secondary outcomes included early mortality (death within 30 days after surgery) and the rate of major bleeding events and aortic valve reoperation. We also investigated all-cause mortality in patients with moderately reduced kidney function who received a bioprosthesis compared to those who received a mechanical valve prosthesis. Vital status and date of death were obtained from the Cause of Death Register. Information regarding major bleeding events was acquired from the corresponding primary diagnosis code in the National Patient Register (Table 2) . Information regarding aortic valve reoperation was acquired from the SWEDEHEART register.
Statistical Analysis
Patient characteristics are presented as means and SDs for continuous variables and as frequencies and percentages for categorical variables. For all-cause mortality, person-time in days was counted from the date of surgery until the date of death or the end of follow-up (March 24, 2014). Information regarding major bleeding event and aortic valve reoperation was available until December 31, 2012 and December 31, 2013, respectively; therefore, person-time in days was counted from the date of surgery until the date of death, date of major bleeding (until December 31, 2012), date of aortic valve reoperation (until December 31, 2013), or end of follow-up (March 24, 2014), whichever came first. Patients who had undergone surgery during 2013 were excluded from the analyses of major bleeding event. Crude incidence rates and 95% CIs were calculated, and the Kaplan-Meier method was used to calculate cumulative survival. The association between kidney function and mortality, expressed as hazard ratios (HRs), was estimated using the Cox proportional hazards model. In the multivariable analysis, all variables from Table 3 were included, and the model was stratified for hospital and year of surgery. To estimate the risk of major bleeding event and aortic valve reoperation, subdistribution hazard ratios (sHR) and 95% CIs were calculated using competing risk regression based on the Fine-Gray proportional subhazards model. 21 In the analysis of patients with moderately reduced kidney function who received a bioprosthesis versus a mechanical valve prosthesis, logistic regression including all variables in Table 3 (including hospital) was used to calculate a propensity score for each patient. Patients with a bioprosthesis were paired with those with a mechanical valve prosthesis through a 1:1 nearest neighbor matching, with a caliper width of 0.2 of the logit of the SD of the propensity score. 22 Age and body mass index were included in the models as restricted cubic splines, and all other parameters were included as categorical variables. Data were missing for left ventricular ejection fraction (24%) and body mass index (7%). Missing data were handled by multiple imputation by chained equations. 23 The missing values were assumed to be missing at random and the imputation model included all variables in Table 3 , the event indicator, and the Nelson-Aalen estimator of the cumulative baseline hazard. 24 The imputation was repeated 25 times, and estimates from the imputed data sets were combined according to Rubin's rules. Data management and statistical analyses were performed using Stata (version 14.1; StataCorp LP, College Station, TX) and R software (version 3.3.0; R Foundation for Statistical Computing, Vienna, Austria).
Results

Study Population
Of 15 004 patients who underwent primary AVR in Sweden between 1997 and 2013, we excluded 1606 (11%) with missing creatinine values and 296 (2%) with severe kidney failure or ESRD (those who had eGFR <30 mL/min per 1.73 m 2 or were on dialysis). A total of 13 102 patients were included in the study. Of these, 9836 (75%) had normal kidney function and 3266 (25%) had moderately reduced kidney function. Of the patients with moderately reduced kidney function, 2582 (79%) received a bioprosthesis and 684 (21%) received a mechanical valve prosthesis. Baseline characteristics according to kidney function are shown in Table 3 . The mean age was 64.3 years in the normal kidney function group and 74.4 years in the moderately reduced kidney function group. Additive EuroSCORE was 5.4 (SD 2.5) in patients with normal kidney function and 7.2 (SD 2.5) in those with moderately reduced kidney function. Patients with moderately reduced kidney function were more likely to receive a bioprosthesis, and were also more likely to be female and have less years of education and more comorbidities.
Survival
During a mean follow-up of 6.2 years (maximum, 17.2) and a total follow-up time of 81 871 patient-years, 1890 (19%) patients in the normal kidney function group died and 1422 (44%) died in the moderately reduced kidney function group. The 5-, 10-, and 15-year survival was 89% versus 76%, 73% versus 48%, and 55% versus 25% in patients with moderately reduced kidney function and normal kidney function, respectively (HR, 2.51; 95% CI, 2.34-2.70; P<0.001). After adjusting for differences in baseline characteristics, the relative risk of death was 28% higher in patients with moderately reduced kidney function compared with those with normal kidney function (HR, 1.28; 95% CI, 1.18-1.38; P<0.001). The early mortality rate was 1.23% (121 of 9837) in the normal kidney function group and 3.52% (115 of 3266) in the moderately reduced kidney function group (adjusted HR, 1.87; 95% CI, 1.39-2.51; P<0.001). Survival curves are shown in Figure 2 , and event rates and relative risks are shown in Table 4 .
Major Bleeding Events
During a mean follow-up of 6.4 years (maximum, 16.0) and a total follow-up of 78 699 patient-years, a major bleeding event was recorded in 539 (5.9%) patients in the normal kidney function group and 260 (8.4%) in the moderately reduced kidney function group. In the unadjusted analysis, there was a significantly higher risk of major bleeding in patients with moderately reduced kidney function (sHR, 1.20; 95% CI, 1.03-1.39; P=0.018). In the multivariable adjusted analysis, there was a nonsignificant higher risk of major bleeding event in patients with moderately reduced kidney function compared to those with normal kidney function (sHR, 1.18; 95% CI, 1.00-1.39; P=0.051). The cumulative incidence of major bleeding is shown in Figure 3 , and event rates and relative risks according to kidney function and prosthesis type are shown in Table 5 .
Aortic Valve Reoperation
During a mean follow-up of 7.4 years (maximum, 17.2) and a total follow-up of 96 901 patient-years, aortic valve reoperation was conducted in 265 (2.7%) patients in the normal kidney function group and 39 (1.2%) in the moderately reduced kidney function group. There was a significantly higher risk of reoperation in patients with normal kidney function compared to those with moderately reduced kidney function both in the univariable (sHR, 0.38; 95% CI, 0.27-0.53; P<0.001) and the multivariable adjusted analysis (sHR, 0.54; 95% CI, 0.38-0.79; P=0.001). Cumulative incidence of aortic valve reoperation is shown in Figure 3 , and event rates and relative risks according to kidney function and prosthesis type are shown in Table 5 .
Bioprostheses Versus Mechanical Valve Prostheses in Patients With Moderately Reduced Kidney Function
In 3266 patients with moderately reduced kidney function, death occurred in 1121 (43%) who received a bioprosthesis and 301 (44%) who received a mechanical valve prosthesis during a mean follow-up of 6.1 years (maximum, 17.1) and a total follow-up time of 20 057 patient-years. In the unadjusted analysis, patients with moderately reduced kidney function who received a mechanical valve prosthesis had a better survival rate than those who received a bioprosthesis (HR, 1.54; 95% CI, 1.35-1.77; P<0.001). There was a similar risk for all-cause mortality in patients who received a bioprosthesis compared with a mechanical valve prosthesis in the multivariable adjusted analysis (HR, 0.86; 95% CI, 0.73-1.01; P=0.064) and in the propensity-scorematched analysis consisting of 480 patient-pairs (HR, 0.85; 95% CI, 0.70-1.03; P=0.094). All baseline characteristics were well balanced in the propensity-score-matched cohort (Table 6 ). Survival curves for the propensity-score-matched cohort are shown in Figure 4 , and the event rates and relative risks are shown in Table 7 .
Discussion
In this nation-wide, population-based cohort study, the principal finding was that patients with moderately reduced kidney function had a significantly lower long-term survival rate after AVR than those with normal kidney function. There was a nonsignificantly higher risk for a major bleeding event in patients with moderately reduced kidney function, whereas those with normal kidney function had a significantly higher risk of aortic valve reoperation. In patients with moderately reduced kidney function, there was a similar survival in those who received a bioprosthesis compared to those who received a mechanical valve prosthesis. Thourani groups according to eGFR (<45, 45-60, 60-75, and >75 mL/ min per 1.73 m 2 ). 25 They found that patients with an eGFR <60 mL/min per 1.73 m 2 had an increased risk of death at a median of 2 years of follow-up. 25 These results are consistent with our findings. However, inclusion of mitral valve surgery, concomitant CABG, and patients with ESRD makes these results hard to compare, because these are all patient categories that are known to have a worse prognosis. 26 hemodialysis) or normal renal function. They found no association between preoperative renal dysfunction and early mortality. 29 However, it is difficult to interpret these results because of the small study population, inclusion of patients undergoing concomitant CABG, and lack of long-term followup.
Owing to the large study population and long and complete follow-up in the present study, our results clearly strengthen the results of previous studies investigating the prognosis after AVR in patients with moderately reduced kidney function. We believe that our data can serve well as a contemporary reference material for clinicians, public health professionals, and researchers designing trials. Our results suggest that patients with moderately reduced kidney function warrant careful observation after AVR in order to optimize medical therapy and monitor kidney function. Our study also adds knowledge concerning major bleeding, aortic valve reoperation, and survival associated with prosthetic valve type in patients with moderately reduced kidney function. ESRD is associated with anemia as well as abnormalities in platelet function and platelet-vessel aggregation, which causes a susceptibility to bleeding. 30 It is also known that patients treated with dialysis have a higher risk of a bleeding event after AVR than those without dialysis treatment. 9 To our knowledge, the risk of a major bleeding event during follow-up after AVR in patients with moderately reduced kidney function has not been investigated. We found a nonsignificant higher risk of bleeding in patients with moderately reduced kidney function compared to those with normal kidney function; this increased risk was present in patients who received a bioprosthesis, but not in those who received a mechanical valve prosthesis. The majority of patients with moderately reduced kidney function in our study had an eGFR of 45 to 60 mL/min per 1.73 m 2 . It is possible that abnormalities in coagulation function become more prominent with more advanced kidney dysfunction. It is also possible that the abnormality in coagulation function that comes with mechanical valves and warfarin treatment is so strong that the increased risk of bleeding in patients with moderately reduced kidney function becomes irrelevant in those treated with warfarin, but relevant in patients with bioprostheses. Even though it is known that patients with ESRD have a higher prevalence of structural valve deterioration, 9 which is the most common indication for aortic valve reoperation, we found that reoperation was more common in patients with normal kidney function than in those with moderately reduced kidney function. A possible explanation for this finding is that patients with moderately reduced kidney function were too frail to undergo a second surgery even when it was indicated. Similarly to previous studies examining which valve type is preferable for patients with ESRD, 31, 32 we found no significant association between valve type and survival in patients with moderately reduced kidney function.
Study Limitations
Excluding patients with missing eGFR values might have influenced the generalizability of our study. However, generalizability was increased by our study being a large, nation-wide, population-based cohort study. The observational study design comes with some inevitable limitations. We used regression models to adjust for measured and known confounding factors. However, there might have been other factors that were unknown or unmeasured that we were not able to account for (residual confounding). For example, we did not have information regarding implanted valve size, cardiopulmonary bypass time, and cause of CKD. Furthermore, creatinine values may differ in the same individual if taken at different occasions; because we based eGFR on a single value of creatinine sampled preoperatively, we might not have gotten a representative value. Also, information about albuminuria, which is considered a sign of CKD, was not available in our study. Furthermore, some adverse events might have happened outside of Sweden, which might have led to underestimation of the rate of major bleeding and aortic valve reoperation. However, all deaths are listed in the Cause of Death Register, regardless of whether death occurred abroad; therefore, follow-up for the primary outcome was complete. The long and complete follow-up and the large number of patients are particular strengths of our study, which was made possible by crosslinking of high-quality Swedish registers.
Conclusions
Moderately reduced kidney function was significantly associated with increased mortality after AVR. There was a nonsignificant higher risk for major bleeding events and a significantly lower risk for aortic valve reoperation in patients with moderately reduced kidney function compared to those with normal kidney function. In patients with moderately reduced kidney function, there was a similar survival in those who received a bioprosthesis and those who received a mechanical valve prosthesis. These results have important implications for preoperative risk stratification, and suggest that patients with eGFR 30 to 60 mL/min per 1.73 m 2 warrant careful observation after AVR. Further investigation is needed to determine which prosthesis type (bioprosthetic or mechanical) should be recommended to patients with moderately reduced kidney function.
